Enzymes with highly effective and versatile catalytic functions are alternatives to conventional chemical catalysts[@b1][@b2][@b3]. The improvement of enzyme stability has attracted constant attention of researchers for a wide range of applications across a variety of fields. Extensive studies have revealed that the flexible segments of enzymes affect their stability due to increased fluctuation[@b4][@b5][@b6][@b7][@b8]. However, engineering the stability of enzymes remains a challenging work in terms of creating flexible segments with proper rigidity. The active center is a key component for catalytic functions[@b9]. Flexible residues within the active center of enzymes are essential for both catalysis and substrate binding, involving in the induced-fit interaction between enzymes and substrates[@b10]. However, little is known regarding their role in enzyme stability which provides a stable microenvironment for catalysis.

The B-factor (or B-value), indicating atomic displacement parameters obtained from X-ray data, is commonly used to represent residue flexibility[@b11]. Flexible residues, which have fewer contacts with other amino acids, may produce local perturbations inside highly complex networks of non-covalent connections. The residues trigger protein unfolding due to their large thermal fluctuations. Hence, introducing mutations to rigidify flexible residues may be an effective way to improve enzyme thermostability[@b12]. Based on the B-factor, Reetz *et al*.[@b13] significantly increased the thermostability of lipase ( value of 45 °C) from *Bacillus subtilis* (LipA, 181 residues) ([Fig. 1A](#f1){ref-type="fig"}), which is a minimal α/β hydrolase[@b14]. Later, Zhang *et al*.[@b15] also reported a double-mutant of *Rhizomucor miehei* lipase (RML, 269 residues) based on B-factor design but only achieved a 1.24-fold thermostability increase. Damnjanović *et al*.[@b16] mutated 12 residues with the highest B-factors on the surface of phosphatidylinositol-synthesizing *Streptomyces* phospholipase D (PLD, 509 residues), and the half-life of the best mutant was only 8.7 min longer compared to the parent (25.9 min). All of these results suggest that rigidifying flexible residues on larger enzymes based on only B-factor analysis, without considering other structural factors, may have a limitation in enhancing the stability of a variety of enzymes.

We questioned whether creating mutations in residues with the highest B-factors is efficient for small proteins but not suitable for large proteins, as almost all residues with the highest B-factors are located on the enzyme surface, which provide more solvent-accessible area than buried residues[@b17]. Considering that residues on the protein surface are far from the active center of large enzymes, simply reducing surface fluctuations may be insufficient for protecting the enzyme active center from heat-induced conformational changes[@b18]. In previous work, we attempted to enhance the kinetic stability of *Candida antarctica* lipase B (CalB, 317 residues) ([Fig. 1B](#f1){ref-type="fig"}), by mutating the active center residues with the highest B-factors[@b19][@b20]. Indeed, these flexible residue cluster mutagenesis in the active center of CalB led to an efficient improvement on its stability. Crystal structures of CalB revealed that a new formed hydrogen bond network in the mutant D233G/L278M may rigidify a local flexible region in the vicinity of its active center[@b20].

Due to the complexity of enzyme structures and the key role of the active center where substrate recognition and catalysis takes place, we propose a general active center stabilization (ACS) strategy to improve enzymes thermostability ([Fig. 2](#f2){ref-type="fig"}). In this strategy, we pay more attentions to the flexible fragments rather than the flexible residues. Therefore, we divided the flexible fragments into two parts, outer phase and active center. There are no obvious boundaries in small proteins, whereas the obvious boundaries in large enzymes. Here, we have used a relatively larger lipase, *Candida rugosa* lipase1 (LIP1) containing 534 residues ([Fig. 1C](#f1){ref-type="fig"}), as a model system to investigate the effect of ACS strategy. Besides of a canonical core with the α/β hydrolase fold domain, LIP1 possesses 10 helixes and 5 strands around the core structure as well as a lid segment covering its catalytic triad. LIP1 is supposed to present in an equilibrium between its open and closed states in solution[@b21][@b22]. The optimal temperature of LIP1 is 45 °C, and it loses nearly all activity after 60 °C incubation for 10 min[@b23][@b24]. Those residues with high B-factor ranking located within 10 Å of the catalytic residue Ser209 were chosen as candidates for site-saturated mutagenesis and ordered recombination mutagenesis (ORM). To avoid enzymes inactivation caused by active center mutagenesis, a smart three-tier screening procedure was set up to obtain the thermostability improved variants with relatively high activity. The kinetic and thermodynamic stability of the mutants were systematically characterized. In this study, the ACS strategy as an efficient methodology have been used to enhance the thermostability of a large lipase and it showed that mutagenesis focusing on flexible residues around 10 Å of the catalytic residue might significantly increase the success rate.

Results
=======

Selection of the flexible residues in the active center for mutagenesis
-----------------------------------------------------------------------

The initial step of the ACS strategy was to select flexible residues. Indeed, critical catalytic residues were excluded to avoid any impairing on catalysis. To efficiently obtain stability improved LIP1 variants, those residues within 10 Å of catalytic residue Ser209 were considered as candidates for mutagenesis. The B-factors were analyzed using B-FITTER[@b25] in two different structures of LIP1 (PDB codes: 1CRL and 1TRH), corresponding to the lipase 'open' and 'closed' states, respectively. Due to LIP1 structural complexity, the residues within 10 Å of catalytic residue Ser209 exhibit varied B-factor rankings as shown in the lower section of [Fig. 3](#f3){ref-type="fig"}. Based on the B-factors analysis, eleven residues from each structure with the top highest B-factor ranking were selected, respectively, which resulted in total 22 candidate residues. However, four residues (Gly122, Gly123, Phe133, Leu302) are repeated in those candidate mutagenesis residues. Finally, only 18 residues of the top highest B-factor ranking were chosen around the active center for saturation mutagenesis. These residues were located in the α~12~ helix (Phe344, Phe345), the β~13~ strand (Phe434), the loop connecting the α~1~ helix and the β~5~ strand (Ser84, Lys85, Phe87, Glu88), the loop connecting the β~6~ strand and the α~3~ helix (Phe121, Gly122, Gly123, Gly124, Phe125, Glu126, Val127, Phe133), the loop connecting the α~10~ helix and the α~11~ helix (Phe296, Leu302), as well as a bend connecting the α~15~ helix and the α~16~ helix (Gly414). For efficient mutagenesis, the sites in cluster were combined for constructing one single library. Twelve libraries were constructed as following, library A (Phe344, Phe345), library B (Leu302), library C (Phe133), library D (Gly124, Phe125), library E (Glu126, Val127), library F (Phe121), library G (Phe87, Glu88), library H (Gly122, Gly123), library I (Ser84, Lys85), library J (Phe296), library K (Phe434), and library L (Gly414) ([Fig. 3](#f3){ref-type="fig"}).

Screening the mutants for both high thermostability and high catalytic activity
-------------------------------------------------------------------------------

The recombinant plasmid pGAPZαA-*lip1* acted as the template to generate the saturation mutagenesis libraries using NNK degenerate primers ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). The LIP1 can be expressed in *P. pastoris* GS115 and secreted into the YPD culture medium. The criteria for selecting a mutation depended on its contribution to both thermostability and activity. The flowchart of the three-tier screening assay is depicted in [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}. The procedure includes a coarse screening on Petri dishes, which eliminates most of the inactive and less stable mutants, followed by a secondary screening in 96-well plates under highly stringent conditions[@b26][@b27][@b28]. Positives were further confirmed in four wells of the second 96-well plate assays and were sequenced[@b25].

Finally, approximately 2.0 × 10^4^ clones in all mutant libraries were screened, accounting for about 95.6% library coverage of the variant space[@b29][@b30][@b31]. The thermostability of the mutant was estimated on fluorescent soft agar plates after exposure to 60 °C using the three-tier screening protocol. After screening, five mutants that showed improved thermostability were selected and sequenced to identify their mutations: F344M, F344I, F434Y, F133Y and F121Y ([Supplementary Table S2](#S1){ref-type="supplementary-material"}, [Fig. 4A](#f4){ref-type="fig"}). For all mutants, phenylalanine was substituted with other amino acids. Except for position 344, the other three positions have a tyrosine substitution ([Fig. 4A](#f4){ref-type="fig"}). The , being the temperature at which 50% of the activity is lost after 15 min of incubation, for each of these mutants varied from 57.5 °C (F121Y, WT + 3.0 °C) to 62.4 °C (F344M, WT + 7.9 °C) ([Fig. 4B](#f4){ref-type="fig"}). The half-lives of the mutants at 60 °C were enhanced 1.3- (F121Y, 7.8 min) to 5.1-fold (F344M, 30.9 min) compared to WT (6.0 min) ([Fig. 4C](#f4){ref-type="fig"}). The catalytic efficiencies of the mutants were also higher than that of WT, except for F344M, which was similar to WT ([Table 1](#t1){ref-type="table"}).

To efficiently accumulate optimal mutations, we performed ORM, which combined all of the beneficial point mutants ordered from the best single mutation to the next site that showed lower improvement ([Supplementary Table S2](#S1){ref-type="supplementary-material"}, [Fig. 4A](#f4){ref-type="fig"}). Because the mutants F344M and F344I were mutated at the same position and have higher stability improvement than other beneficial point mutations, two paths for ORM were initiated for the F344M and F344I mutants. These two mutations were then combined with the F434Y mutant and renamed as VarA1 and VarB1, respectively, which exhibited significant improvements (VarA1,  = 65.6 °C; VarB1,  = 64.3 °C) ([Fig. 4](#f4){ref-type="fig"}). For the next round of combination with F133Y, the resulting mutants VarA2 and VarB2 led to further improvements (VarA2,  = 66.2 °C; VarB2,  = 66.3 °C). Finally, the combination with F121Y resulted in two additional stable mutants, VarA3 (F344M/F434Y/F133Y/F121Y) ( = 67.1 °C) and VarB3 (F344I/F434Y/F133Y/ F121Y) ( = 67.5 °C), representing remarkable increases in of 12.6 and 13 °C over WT, respectively. The optimal temperatures of the VarA3 and VarB3 mutants were increased from 45 °C to 60 °C and their half-lives were improved by 33-and 40-foldscompared to WT, respectively ([Fig. 4C](#f4){ref-type="fig"}).

To confirm the thermal effects on the conformational stability of these mutants, we measured the *T*~m~ values of WT and the mutant enzymes by DSC assay ([Fig. 4D](#f4){ref-type="fig"}). The results showed that the *T*~m~ values of the mutants were 4.5 °C (F434Y, 57.9 °C) to 17.4 °C (VarA2, 70.8 °C) higher compared to WT (53.4 °C). Notably, the *T*~m~ value of the mutant VarB3 with the highest was lower than the mutant VarA2, indicating that thermodynamic stability are not necessarily consistent with kinetic stability of enzymes. Indeed, the lipase thermostability has been efficiently improved by the synergistic effect of the ORM.

Catalytic kinetics and substrate specificity of WT and the mutants
------------------------------------------------------------------

To evaluate the catalytic functions of the mutants, their kinetic parameters were assessed using substrate *p*NP-C8 at 40 °C. As shown in [Table 1](#t1){ref-type="table"}, all single-site mutants retained their catalytic ability comparable to the wild-type (*k*~cat~/*K*~m~ from to 100 to 139%). The further combined mutants exhibited increases in *k*~cat~/*K*~m~ values, except for the VarB3 mutant (decreased 29.3%). Interestingly, the VarB1 mutant exhibited 2.2-fold higher activity compared to WT, whereas the most stable mutant, VarB3, exhibited a 26% increase in both *k*~cat~ and *K*~m~, resulting in an almost identical catalytic efficiency *k*~cat~/*K*~m~ compared to WT. These results indicated that the flexible residues in the active center exerted a great impact on both thermostability and catalytic activity.

The substrate spectra for various acyl chain lengths were also measured for all of the mutants at 40 °C, and the optimum substrate (*p*NP-C8) was the same as the parent ([Fig. 5](#f5){ref-type="fig"}), suggesting that mutations in the flexible residues do not lead to changes in the catalytic spectra. It is possible that the replacement of the phenylalanine by neutral or aromatic residues did not change the conformation of the binding pocket and thus retained the substrate preference.

Rigidity analysis of the best mutant, VarB3
-------------------------------------------

To investigate the rigidity of the active center, the PredyFlexy web server was used to predict the normalized B-factor of the best mutant, VarB3[@b32]. The normalized B-factors of all of the selected flexible residues are listed in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. As shown in [Fig. 6A](#f6){ref-type="fig"}, the VarB3 mutant led to an increase in the rigidity of the region from 122 to 136, the region from 343 to 345, and the region from 432 to 436. All of these regions are near the mutated sites of residues 121, 133, 344 and 434.

The modeling structure of the VarB3 mutant was constructed using Discover Studio3.5 and was assessed using PROCHECK analysis[@b33], which revealed that only one residue (Ile18) was in a disallowed region in the Ramachandran Plot, similar to the wild type ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). We observed no gross changes in the structure of the VarB3 mutant compared to WT ([Fig. 6B](#f6){ref-type="fig"}). The mutated positions at 121 and 133 were located in the same loop region from 120 to 136, and positions 344 and 434 were located in α12 and β13, respectively. However, the model structure showed that the Tyr133 residue formed 3 hydrogen bonds with two water molecules (W~a~ and W~b~) and Gly122, generating a new hydrogen-bond network ([Fig. 7A](#f7){ref-type="fig"}). The Tyr121 residue formed 4 hydrogen bonds with water molecule W~c~, Phe128, Asn155 and Tyr156 ([Fig. 7A](#f7){ref-type="fig"}). The new hydrogen-bond networks may enhance the stability of the loop region from 120 to 136. The Ile344 residue shortened the distance between Thr343 and Phe345, which resulted in the formation of a 3.3 Å hydrogen bond between them ([Fig. 7B](#f7){ref-type="fig"}). Furthermore, the lengths of the 3 hydrogen bonds between Phe345 and Ser348, Gly346 and Ser349 (2 hydrogen bonds), respectively, became shorter from 3.3 Å to 3.2 Å. Compared to the structure of WT, the structural flexibility around position 344 was significantly increased, which was annotated by a prolonged α~12~ helix. The Tyr434 residue led to that the generation of a new hydrogen bond with the water molecule W~d~, and the distances of some hydrogen bonds around β~13~ were shortened, thus contributing to a stabilized LIP1 ([Fig. 7C](#f7){ref-type="fig"}).

Discussion
==========

The evolutionary strategy for enzyme stabilization without compromising activity has important industrial value. In this study, we have used a large *C. rugosa* LIP1 as model enzyme to verify ACS strategy for thermostability improvement. Based on three-tier high-throughput screening and ORM, the most stable mutant, VarB3 (F344I/F434Y/F133Y/F121Y), exhibited a significant 40-fold increase in its half-life at 60 °C and a 12.7 °C higher *T*~m~ value, indicating that the ACS strategy applications could extend in extreme conditions.

Notably, all mutated residues are the aromatic acid phenylalanine in VarB3. Three (F344, F133 and F121) of these residues came from the 'open' structure and two (F434 and F133) were derived from the 'closed' structure. The B-factor ranking of F133 in the 'open' structure is higher than that in the 'closed' structure. Indeed, the unstable 'open' structures of lipases in polar (aqueous) environments have been identified by molecular dynamic analysis[@b34]. Hence, the more stabilized effect in 'open' lipases might come from a stability improvement on this structure which is crucial for catalysis and the kinetic stability of lipase. Furthermore, except for F344, the other positions were replaced by a polar tyrosine, which may work as a hydrogen bond donor for the nearby amino acids or water molecules[@b35][@b36]. It is known that intramolecular hydrogen bonding interactions play important roles in the proteins thermostability[@b37][@b38].

To understand the structural alterations responsible for the improved kinetic thermostability, a modeling structure of VarB3 was constructed. In the structural model of VarB3, it shows that the both of mutated positions F133 and F121 locate within the loop region from 120 to 136, whereas the mutated F344 and F434 locate at the α~12~-helices and the β~13~-strand, respectively. In addition, the distance between F344 and F434 is large and no any direct interaction between them could be found. The stability improvement of the enzyme might benefit from the F344 and F434 single-point accumulated effects[@b39]. ORM was performed to rapidly determine the optimal combination of these beneficial point mutations, similar to iterative sited-directed mutagenesis (ISM)[@b25]. The combined results showed that the mutant VarA2 (F344I/F434Y) exhibited the greatest (2.2-fold) catalytic efficiency increase and a higher stability than other beneficial mutations. However, it is showed that the stability could be further increased by mutations combination, whereas catalytic efficiency was reduced in this process. The best thermostability improvement could be observed in the mutant VarB3, which also maintain a relatively high catalytic efficiency comparable to WT. This could be explained by the fact that the enzyme requires a reasonable trade-off between stability and activity in the active center[@b40][@b41]. Protein stability cannot be limitlessly increased, and proper conformation flexibility is critical for protein activity, whereas superposition tends to confer reduced flexibility of the residues at the substrate binding site, which results in a lower catalytic constant of the VarB3 mutant[@b42].

Although the modeling structure of VarB3 was similar to that of the WT ([Fig. 6B](#f6){ref-type="fig"}), the intramolecular interactions around the mutated sites exhibited subtle variations. Moreover, the prediction of the normalized B-factor also showed that the residues around the mutated positions had lower B-values compared with WT ([Supplementary Table S3](#S1){ref-type="supplementary-material"}). Tyrosine substitutions at positons 121 and 133 formed two hydrogen-bond networks that strengthened the rigidity of the loop ([Fig. 7A](#f7){ref-type="fig"}). Other mutated positions 344 and 434 resulted in new hydrogen bonds and closer packing around them ([Fig. 7B,C](#f7){ref-type="fig"}). These intramolecular interactions play important roles in LIP1 stability by rigidifying the active center[@b43].

To propose a general and efficient rule as guidance for enzyme stabilization, three model lipases were performed analysis, namely *Bacillus subtilis* LipA*, Candida antarctica* CalB and *Candida rugosa* LIP1 (in 'open' and 'closed' states). These enzymes share the same canonical α/β fold core structure, but exhibit different structural complexities ([Fig. 1](#f1){ref-type="fig"}). As a minimal α/β hydrolase, LipA is the first enzyme to improve the thermostability based on B-factor[@b13] and contains only 181 amino acids. Due to that most of the residues in LipA are located within 10 Å of the catalytic residue Ser77 ([Fig. 1A](#f1){ref-type="fig"}), its thermostability improvement engineering can be regarded as a special case in the application of ACS strategy. For simplicity and clarity, only the effects of all single mutations on enzyme thermostability were evaluated. The other selected sites were found to exert no change in stability (). As shown in [Fig. 8](#f8){ref-type="fig"}, the correlations among the distances of the mutated residues to the catalytic serine, the relative B-factor (percentage with the highest B-factor within 10 Å of the catalytic residue) and the effect on the enzyme thermostability () were analyzed. The mutated flexible residues with a 60--100 relative B-factor and within 10 Å of the catalytic serine were most effective in improving kinetic stability () of enzymes. The mutations beyond \~14 Å and within \~6 Å did not improve stability.

To obtain a reliable conclusion for the active center residues correlated with enzymes thermostability, we have analyzed a number of published data of enzymes thermostability. On the basis of some of the most accurate data obtained to date, we have also identified certain positive correlations between the distance of the mutated residues to the catalytic residue and enzymes stability (, *t*~1/2~ or *T*~m~). As shown in the [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}, most of the enzymes with remarkably increased thermostability ( \>3 °C, *t*~1*/2*~ \> 85 folds and Δ*T*~*m*~  \>3 °C) have similar trend of critical mutations located around 10 Å to catalytic residue. Hence, the analysis showed that the mutagenesis instead of targeting the entire enzyme, focusing mutagenesis on the flexible residues within 10 Å of the catalytic residue might significantly enhance their stability.

In summary, our study showed that ACS is a general and efficient strategy for enhancing thermostability. Analysis of the mutation results for enzymes with different structural complexities indicated that the highly flexible residues around 10 Å of the catalytic residue are more helpful for enzyme thermostability increases, which provide a guidance for improving the stability of a variety of industrial enzymes.

Material and Methods
====================

Strains, plasmids, and materials
--------------------------------

The *lip1* gene from *C. rugosa* ATCC14830 (JCM9586) was purchased from Japan Collection of Microorganisms (JCM). *E. coli* DH5α was used for the propagation and construction of a mutagenesis library. *P. pastoris* GS115 and the plasmid pGAPZαA (Invitrogen, Beijing, China) were the host and constitutive expression vector, respectively. The recombinant plasmid pGAPZαA-*lip1* used for saturation mutagenesis was constructed in our lab. PrimerSTAR Max DNA polymerase, restriction endonucleases, and polymerase chain reaction (PCR) reagents were purchased from TaKaRa (Dalian, China). A protein assay kit was purchased from BIOTEKE (Beijing, China). The antibiotic zeocin and Ni-nitrilotriacetate (NTA) were purchased from Invitrogen (Beijing, China) and GE Health (Uppsala, Sweden), respectively. All other chemicals and reagents were of analytical grade from Sigma (Sigma-Aldrich, USA).

Methods to select the targets
-----------------------------

We used the two different crystal structures of *C. rugosa* lipase1 in 'open' and 'closed' forms (PDB codes: 1CRL and 1TRH) from Protein Data Bank (<http://www.rscb.org>) to design a thermostable LIP1. The Pymol program was used to select the region within 10 Å of the catalytic residue Ser209. The average B-factors of residues in the selected region are calculated using the B-BITTER software[@b25].

LIP1 library generation
-----------------------

Site-saturation mutagenesis was performed using a pair of oligonucleotide primers. The target amino acid position was coded by NNK (sense strand) and MNN (antisense strand), where N = A, G, C or T, K = G or T and M = A or C. The whole-plasmid PCR method[@b44] was performed using PrimerSTAR Max DNA polymerase with the pGAPZαA-*lip1* plasmid as the template DNA. The oligonucleotides used for site-saturation mutagenesis are listed in [Supplementary Table S1](#S1){ref-type="supplementary-material"}. The PCR products were digested with *Dpn*I to remove the parent plasmid and purified using a PCR purification kit (Axygen). The resulting DNA mixture was transformed into *E. coli* DH5α competent cells. The cell suspension was spread on low Luria-Bertani (LLB) agar (1% tryptone, 0.5% yeast extract, 0.5% NaCl and 1.5% agar) containing zeoncin (25 μg/ml) plates and incubated at 37 °C for 1 day. All colonies (\~10^4^/μg) were scraped, and the plasmids were extracted using a plasmid DNA preparation kit (Axygen). The mixed plasmids were linearized with *Avr*II restriction enzyme, and then transformed into *P. pastoris* GS115 competent cells via electroporation. The transformants were grown on YPD plates containing zeocin at 25 μg/ml at 30 °C for 3 days in order to select mainly single-copy transformants[@b45].

Three-tier screening of thermal stable mutants
----------------------------------------------

The thermostability of mutants was assessed by following a three-tier screening protocol. Initially, coarse screening was performed on plates followed by a stringent screening in 96-well plate format. Three wells per plate were inoculated with WT as a control. Positives were further confirmed in four wells of another 96-well plate assay and were sequenced.

The transformants from the mutant library were replicated onto two similar YPD plates and the originals were stored. The duplicated plates were incubated for 24 h at 30 °C. Two sets of plates were brought back to room temperature followed by incubation of one set at 60 °C for 40 min, then cooling back to room temperature. A thin layer of fluorescent soft agar[@b45] (YPD medium plate containing 5 g/l olive oil incorporated via ultrasonic emulsification and 10 mg/l rhodamine-B) was poured over the two sets of plates, followed by incubation at 37 °C for 5 h. The appearance of clear fluorescent halos around the colonies upon incubation indicated enzyme activity. Mutants showing clear fluorescent halos upon exposure to high temperatures were further screened for thermostability in 96-well plate format.

All of the mutants that showed high thermostability in the plate assay were inoculated in individual wells of 96-deep-well plates containing 800 μl of YPD medium including 25 μg/ml zeocin. After 72 h of growth at 30 °C, the cells were harvested by spinning the plates at 4,000 rpm for 20 min at 4 °C in a HITACHI centrifuge R5S4. The cultured supernatant in 96-deep-well plates was diluted fourfold using 50 mM Tris--HCl buffer (pH 7.5) to adjust the lipase activity. An aliquot of 10 μl of the diluted supernatant was added to 190 μl of substrate solution (0.2 mM *p*NP-C4, 50 mM Tris--HCl pH 8.0) at room temperature and agitated for 5 min. An aliquot of 100 μl of the diluted supernatant was added to 96-well PCR plates and heated to 58 °C for 15 min in a Mastercycler gradient PCR thermocycler (Eppendorf, Germany). After 10 min at 4 °C, cell debris and precipitated proteins were removed by centrifugation (4000 × g, 10 min), and the supernatant was used to determine residual activity.

To eliminate false positives, variants exhibiting more than 120% activity compared to heat-treated WT were transferred to four wells of new YPD-medium 96-deep-well plate for 72 h of culture. After a repeat of the same heat treatment, cells showing similar levels of thermostability in four wells were selected for sequencing.

Protein expression and purification
-----------------------------------

A single colony of recombinant *P. pastoris* GS115 carrying the expression plasmid was initially inoculated into 4 ml of YPD medium containing 25 μg/ml zeocin and was cultured at 30 °C while shaking at 220 rpm until the optical density at 600  reached 1.0. The culture was then inoculated into 200 ml of YPD medium and was incubated at 30 °C for 72 h. Subsequently, the culture supernatant was harvested via centrifugation at 4,000 × g for 20 min, and then concentrated via ultrafiltration using a 10 kDa cut-off membrane (Millipore, USA). The obtained sample was dialyzed against 50 mM Tris-HCl at pH 7.5 and 500 mM NaCl buffer and loaded onto a Ni-nitriacetate (NTA) column. The proteins were eluted with a 200 mM imidazole buffer and dialyzed against 50 mM Tris-HCl buffer at pH 7.5. The protein samples were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and protein concentration was determined using a BCA protein assay (BIOTEKE, China) with bovine serum albumin (BSA) as the standard protein[@b46].

Enzyme activity assay
---------------------

Lipolytic activity was measured using *p*-nitrophenyl ester as the substrate because hydrolysis liberates *p*-nitrophenol, which can be monitored by UV/Vis spectroscopy[@b47]. The standard assay was performed in a total volume of 1 ml containing 20 μl of 10 mM *p*NP-C8 in acetonitrile and 970 l of 50 mM, pH 8.0 Tris-HCl buffer containing 0.1% (*w/v*) gum arabic, 0.2% (*w/v*) sodium deoxycholate and 10 μl of enzyme solution[@b48]. After incubation at 40 °C for 5 min, the reaction was initiated by adding the corresponding enzymes, and the released *p*NP (ε = 16,000 M^−1^ cm^−1^) was measured at 405 nm using a UV-2550 spectrophotometer (Shimadzu, Japan). One unit of enzyme activity is defined as 1 μmol *p*NP liberated per minute.

Analysis of biochemical properties
----------------------------------

The value was used to assess the enzyme thermal stability, defined as the temperature at which the enzyme retains 50% of its activity after 15 min of incubation. The purified enzyme solution (50 μl, 100 μg/ml) was incubated at a temperature gradient between 40 °C and 80 °C using a PCR thermo cycler for 15 min and cooled at 4 °C for 10 min followed by equilibration at 25 °C for 20 min. Samples were centrifuged to remove any aggregated protein before assaying for enzyme activity under standard assay conditions. The precise value was obtained by determining the inflection point of a fit of the residual activities at certain temperatures to a sigmoidal plot (sigmoidal Boltzmann fit using Origin 8.0). The half-life of enzyme inactivation (*t*~1/2~) was determined through incubation in Tris-HCl buffer (pH 7.5, 50 mM) for designated periods of time at 60 °C using the following equation[@b49]: *t*~1⁄2~ = ln 2/*k*~*d*~. *k*~d~ is the first-order rate constants determined by linear regression of ln(residual activity) *versus* the incubation time (*t*). The effect of temperature on the activity of LIP1 and its mutants was determined from 30 to 75 °C.

The kinetic parameters (*K*~m~, *k*~cat~ and *k*~cat~/*K*~m~) of the wild-type LIP1 and mutants were determined by increasing the *p*NP-C8 substrate concentration from 4 μM to 200 μM. To determine the substrate specificity, the hydrolysis rates of *p*NP-acetate (C2), *p*NP-butyrate (C4), *p*NP-hexanoate (C6), *p*NP-octanoate (C8), *p*NP-decanoate (C10), *p*NP-dodecanoate (C12), *p*NP-myristate (C14), and *p*NP-palmitate (C16) were monitored at 40 °C according to the standard assay.

DSC analysis
------------

Differential scanning calorimetry (DSC) was performed using a VP-cap DS caloimeter (MicroCal, Inc. Northampton, MA) at a scanning rate of 1 °C/min over a temperature range from 30 °C to 90 °C. The concentrations of proteins were controlled at 0.5 mg/ml dissolved in 10 mM PBS (pH 7.5). Before each DSC heating scan, the sample solutions were maintained at a starting temperature for 15 min. The melting temperature, *T*~m~, obtained from the DSC experiments corresponded to the maximum of the transition peak.

Prediction of normalized B-factors and structural modeling of mutants
---------------------------------------------------------------------

The web server PredyFlexy (<http://www.dsimb.inserm.fr/dsimb_tools/predyflexy>) was used to predict the normalized B-factor based on a library composed of structural prototypes and molecular dynamic simulations. The three dimensional homology models of the targets ([Fig. 6B](#f6){ref-type="fig"}) were constructed using the X-ray structures of the template (PDB code 1CRL). All steps for homology modeling and refinement were accomplished using the program MODELLLER of Discovery Studio 3.5 Client (Accelrys, San Diego, USA). The models with the lowest DOPE score were selected and the accuracy was determined based on the PROCHECK analysis. Hydrogen bonding was assessed using PyMOL, and structural figures were prepared using PyMOL (<http://pymol.org>).
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![The topological structures of monomeric globular lipases LipA (**A**), CalB (**B**), and LIP1 (**C**). α-helices and β-strands are shown as cylinders and arrows, respectively. The canonical α/β-hydrolase folds are in red. The lids of LIP1 and CalB are shown in yellow. Other structures in the catalytic domains are shown in white. All serine catalytic residues are represented as green sticks. The blue rings represent the range of 10 Å around the catalytic residue serine.](srep33797-f1){#f1}

![The flow chart of the ACS strategy to improve enzyme stability.](srep33797-f2){#f2}

![The sites in the active center of LIP1 that were chosen for saturation mutagenesis.\
The lower section shows the B-factors of all targeted sites. The structural models based on the open state (1CRL) (**A**) and closed state (1TRH) (**B**) of the LIP1 X-ray structures. Library (**A**) (green spheres), library (**B**) (pink spheres), library C (blue spheres), library D (cyan spheres), library E (orange spheres), library F (yellow spheres), library G (lime spheres), library H (magenta spheres), library I (deep teal spheres), library J (ruby spheres), library K (marine spheres), and library L (sand spheres). Catalytic residue Ser209 is shown in red, and the lid is colored in olive.](srep33797-f3){#f3}

![Thermostability of WT and all mutants.\
(**A**) Thermostability, expressed as values (defined as the temperature at which the enzyme retains 50% of its activity after 15 min of incubation) of all mutants considered in this study: WT (black bar), F434Y, F133Y and F121Y (purple bar), F344M and F344M combination mutants (orange bar), and F344I and F444I combination mutants (blue bar). (**B**) Residual activity curves of WT and all mutants. (**C**) Thermostability at 60 °C. The activities of the enzymes without heat treatment were defined as 100%. (**D**) Thermal unfolding of WT and its mutants. The scans were performed at 60 °C/h over a temperature range of 30--90 °C using VP-cap DSC. The combinational mutants are VarA1 (F344M/F434Y), VarA2 (F344M/F434Y/F133Y), VarA3 (F344M/F434Y/F133Y/F121Y), VarB1 (F344I/F434Y), VarB2 (F344I/F434Y/F133Y), and VarB3 (F344I/F434Y/F133Y/F121Y).](srep33797-f4){#f4}

![Substrate spectra analysis of WT and its mutants towards a variety of acyl chain-length *p*NP-esters.\
The hydrolysis activities of enzymes toward *p*NP-ester were determined at 40 °C with a 50 mM Tris-HCl, pH 8.0 buffer containing 0.1% (*w/v*) gum arabic and 0.2% (*w/v*) sodium deoxycholate.](srep33797-f5){#f5}

![(**A**) Prediction of normalized B-factors of WT (black) and the VarB3 mutant (red) and (**B**) Stereoview of the superimposed structures of WT (gray) and the VarB3 mutant (green). Residues Y121, Y133, I344 and Y434 are labeled in yellow, blue, green and marine, respectively. The catalytic residue Ser209 is labeled in pink. Symbols: red, oxygen atom; blue, nitrogen atom.](srep33797-f6){#f6}

![Model structures of WT and the VarB3 mutant (F344I/F434Y/F133Y/F121Y) based on PDB: 1CRL.\
(**A**) Comparison of the structural changes in the loop region from 120 to 136 which included the mutant position 121 and 133. (**B**) Comparison of α~12~ structural changes around mutant position 344. (**C**) Intramolecular interactions near mutant position 434 in WT and VarB3 mutant. The new generated hydrogen bonds are indicated by purple lines and other hydrogen bonds are represented by yellow dashed lines. Symbols: red, oxygen atom; blue, nitrogen atom.](srep33797-f7){#f7}

![Correlations between the distances of the mutated residues to the catalytic residue serine, relative B-factors, and the thermostabilities of the lipases.\
LipA (181 AA); CalB (317 AA); LIP1 (534 AA); the data analysis is based on their mutated results.](srep33797-f8){#f8}

###### Enzymatic properties of WT and mutants.

  Enzyme    *K*~m~ (μM)   *k*~cat~ (S^−1^)   *k*~cat~/*K*~m~ (μΜ^−1^·S^−1^)   *k*~*d*~ (min^−1^)   *T*~opt~ (^0^C)
  -------- ------------- ------------------ -------------------------------- -------------------- -----------------
  WT        13.3 ± 3.2      4,373 ± 273                   328                        0.12                45
  F344M     18.6 ± 3.8      5,691 ± 328                   306                   0.22 × 10^−1^            55
  F344I     14.6 ± 3.0      5,911 ± 315                   405                   0.29 × 10^−1^            55
  F434Y     13.3 ± 2.3      6,075 ± 259                   456                   0.45 × 10^−1^            50
  F133Y      8.5 ± 0.1       3,363 ± 95                   396                   0.69 × 10^−1^            50
  F121Y     16.9 ± 3.6      8,006 ± 457                   474                   0.89 × 10^−1^            50
  VarA1     23.3 ± 5.1      8,924 ± 480                   383                   0.11 × 10^−1^            57
  VarB1     16.1 ± 3.5      11,594 ± 588                  724                   0.12 × 10^−1^            57
  VarA2     10.4 ± 2.7      4,504 ± 277                   433                   0.46 × 10^−2^            60
  VarB2     17.5 ± 4.7      5,671 ± 412                   324                   0.51 × 10^−2^            60
  VarA3     16.9 ± 4.4      3,927 ± 278                   232                   0.35 × 10^−2^            60
  VarB3     16.8 ± 3.9      5,508 ± 352                   327                   0.29 × 10^−2^            60
